
International Journal of Creative and Open Research in Engineering and Management    

           ISSN: 3108-1754 (Online) 

Volume 02 Issue 04 April-2026 | Impact Factor: 3.5 

 

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/                                                                                                                1 

Design and Optimization of Renewable Energy Integration in 

Microgrids Using a Hybrid Energy Storage System 

 
 

Vadapalli Bhaskara Vamsikrishna1*  Mr  A Venkatanarayana 2 
1PG Student, Bonam Venkata Chalamayya Engineering College, Odalarevu, AP 

2Assistant Professor, Bonam Venkata Chalamayya Engineering College, Odalarevu, AP 

Corresponding Mail ID: vamsikrishna3422@gmail.com 

 

 

 

Abstract: - The rapid growth in energy demand, along with 

environmental concerns and depletion of fossil fuels, has 

accelerated the adoption of renewable energy sources such as solar 

and wind. Although these sources are clean and sustainable, their 

intermittent and unpredictable nature poses challenges to power 

system stability and reliability. Microgrids have emerged as an 

effective solution for integrating distributed energy resources 

(DERs), offering improved control, flexibility, and resilience in 

both grid-connected and islanded modes. This thesis focuses on 

optimizing renewable energy integration in microgrids using a 

Hybrid Energy Storage System (HESS), which combines batteries 

and supercapacitors. Batteries provide high energy density for long-

duration support, while supercapacitors offer high power density for 

handling transient fluctuations and sudden load variations. A smart 

energy management system is developed to efficiently coordinate 

power sharing between these storage components. Advanced 

optimization techniques such as Particle Swarm Optimization (PSO) 

and Artificial Intelligence (AI)-based control are implemented to 

enhance real-time energy flow management, improve voltage and 

frequency stability, and reduce operational costs. Simulation studies 

conducted using MATLAB / Simulink demonstrate improved power 

quality, better load balancing, and optimal utilization of renewable 

resources, making the proposed system a reliable and scalable 

solution for future smart grids. 

Keywords: Microgrid; Hybrid Energy Storage System (HESS); Renewable Energy Integration; Particle 

Swarm Optimization (PSO); Artificial Intelligence (AI) Control. 

 

1. Introduction 

 

The increasing penetration of renewable energy sources such as solar photovoltaic (PV) and wind energy has 

significantly transformed modern power systems. However, the intermittent and unpredictable nature of these 

sources introduces challenges related to power quality, reliability, and stability in microgrids. To address these 

issues, efficient energy management and storage solutions are essential for ensuring continuous and stable 

power supply. Microgrids, which operate either in grid-connected or islanded modes, provide a flexible 

platform for integrating distributed energy resources. Nevertheless, the variability of renewable generation 

often leads to fluctuations in voltage and frequency, making it difficult to maintain system balance. 

Conventional energy storage systems, such as batteries, offer high energy density but suffer from limited 

lifecycle and slower response. On the other hand, supercapacitors provide high power density and fast 
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dynamic response but have lower energy storage capacity. To overcome the limitations of individual storage 

technologies, a Hybrid Energy Storage System (HESS), combining batteries and supercapacitors, has emerged 

as an effective solution. The battery component handles long-term energy requirements, while the 

supercapacitor compensates for short-term power fluctuations, thereby improving system performance and 

extending battery life. In this context, optimization techniques play a crucial role in managing the operation of 

hybrid energy storage systems. Advanced optimization methods, including metaheuristic algorithms, model 

predictive control, and artificial intelligence-based approaches, are employed to achieve optimal power 

sharing, minimize losses, and enhance overall system efficiency. 

This paper focuses on the optimization of renewable energy integration in microgrids using a hybrid energy 

storage system. The proposed approach aims to improve power quality, ensure reliable energy supply, and 

extend the lifespan of storage components through effective coordination and control strategies. 

Ref. 

No. 

Author & 

Year 
Focus Area Methodology Storage Type 

Key 

Contribution 
Limitations 

1 
Li et al. 

(2017) 

Microgrid 

control 

Experimental 

+ modeling 

Battery + 

HESS 

Frequency 

control using 

HESS 

Limited 

optimization 

techniques 

2 
Shuvo et al. 

(2019) 

Review of 

HESS 

Literature 

survey 
Hybrid ESS 

Comprehensive 

review of 

storage 

systems 

No practical 

implementation 

3 
Roslan et al. 

(2021) 

Optimization 

in microgrids 

Optimization 

algorithms 
ESS 

Improved 

performance 

using 

optimization 

Limited focus 

on hybrid 

storage 

4 
Azakaf et al. 

(2026) 
HESS review Review study Hybrid ESS 

Latest trends in 

hybrid storage 

Lack of 

simulation 

validation 

5 
Tobajas et al. 

(2022) 

Microgrid 

scheduling 

Optimization-

based 
HESS 

Resilience-

oriented 

scheduling 

Complex 

implementation 

6 
Jacob et al. 

(2018) 

Sizing of 

HESS 

Analytical 

modeling 
Battery + SC 

Optimal sizing 

of storage 

system 

No real-time 

control 

7 
Ramos et al. 

(2025) 

Renewable 

microgrids 
Review ESS 

Integration 

strategies for 

renewables 

No 

optimization 

focus 

8 
Lin & Zamora 

(2022) 

Control 

strategies 
Review HESS 

Control 

techniques 

comparison 

Lacks 

experimental 

validation 

9 
Mohan & 

Dash (2023) 

AI-based 

EMS 

AI-based 

control 
HESS 

Smart energy 

management 

High 

computational 

complexity 

10 
Al-Ghussain 

et al. (2021) 

Hybrid 

microgrid 
Simulation ESS 

Improved 

stability using 

storage 

Limited AI 

integration 

11 
Al-Khayyat et 

al. (2023) 

DC microgrid 

control 
Optimization HESS 

Efficient power 

flow control 

Focus only on 

DC systems 

12 
Lei et al. 

(2023) 
Storage sizing Optimization HESS 

Optimal 

capacity 

configuration 

Does not 

include real-

time control 
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13 
Wu & Ye 

(2020) 

Control 

strategy 

Coordinated 

control 
HESS 

Improved 

system 

coordination 

Limited 

scalability 

14 
Sinha & 

Bajpai (2020) 

Power 

management 

Control-

based 
HESS 

Efficient DC 

microgrid 

operation 

No AI 

techniques 

15 
Singh & 

Lather (2021) 
Power control 

Analytical + 

simulation 
HESS 

Stable 

standalone 

operation 

Limited 

optimization 

16 
Cabrane et al. 

(2021) 

PV-HESS 

system 
Simulation Battery + SC 

Improved 

energy 

management 

Focus on PV 

only 

17 
Arunkumar et 

al. (2022) 
Power sharing 

Control 

strategy 
Supercapacitor 

Fast transient 

response 

Limited battery 

integration 

18 
Al-Salloomee 

et al. (2022) 
DC microgrid 

Control-

based 
HESS 

Improved 

standalone 

operation 

No 

optimization 

techniques 

19 
Patel et al. 

(2023) 

Control of 

microgrid 

Advanced 

control 
HESS 

Efficient DC 

microgrid 

control 

Limited real-

world 

validation 

20 
Remache et al. 

(2022) 

Predictive 

control 

Model 

predictive 

control 

HESS 

Improved 

dynamic 

performance 

Computational 

complexity 

 

 

The rapid growth of renewable energy integration in microgrids has attracted significant research attention due 

to its potential to enhance sustainability and reduce dependence on fossil fuels. However, the intermittent 

nature of renewable sources such as solar and wind presents major challenges in maintaining system stability, 

reliability, and power quality. Early studies focused on hybrid renewable energy systems (HRES), where 

multiple energy sources are combined to improve efficiency and ensure continuous power supply. These 

systems demonstrated reduced environmental impact and improved reliability compared to standalone 

renewable systems. However, the variability of renewable generation highlighted the need for efficient energy 

storage solutions.  

To address this issue, researchers introduced various energy storage technologies such as batteries, flywheels, 

and supercapacitors. Among these, battery energy storage systems (BESS) gained popularity due to their high 

energy density. Nevertheless, limitations such as slow response and reduced lifespan under frequent charge-

discharge cycles restricted their effectiveness in dynamic microgrid environments. Recent research emphasizes 

the use of Hybrid Energy Storage Systems (HESS), which combine complementary storage technologies such 

as batteries and supercapacitors. HESS improves system performance by handling both long-term energy 

demands and short-term power fluctuations. Studies have shown that such hybrid systems significantly 

enhance grid stability and extend battery life. Optimization plays a crucial role in the effective operation of 

HESS-based microgrids. Various optimization techniques, including metaheuristic algorithms, stochastic 

optimization, and multi-objective approaches, have been proposed to determine optimal sizing, control, and 

energy management strategies. Search-based and heuristic optimization methods have demonstrated strong 

capability in solving nonlinear and multi-objective problems associated with HESS design. In addition, 

advanced energy management strategies have been developed to improve the coordination between renewable 

sources and storage systems. Adaptive and intelligent control techniques enable efficient real-time power 

sharing and load balancing in microgrids, thereby enhancing overall system efficiency. Demand response and 

coordinated control strategies further contribute to improving system flexibility and operational performance. 

Despite significant advancements, several challenges remain, including optimal sizing of storage components, 
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cost optimization, system complexity, and integration of advanced control algorithms. Therefore, further 

research is required to develop efficient and scalable optimization frameworks for hybrid energy storage 

systems in microgrids. 

 

2. System Architecture 

 
Fig. 1: Comprehensive system architecture for integrating renewable energy sources into a microgrid using a 

Hybrid Energy Storage System (HESS) 

The figure illustrates a comprehensive system architecture for integrating renewable energy sources into a 

microgrid using a Hybrid Energy Storage System (HESS). The system begins with renewable energy sources, 

primarily solar and wind, which generate variable power depending on environmental conditions. These 

sources are combined under Distributed Energy Resources (DERs) and connected to a common DC/AC bus 

through a power converter and inverter unit, which regulates and conditions the generated power. A central 

component of the architecture is the Hybrid Energy Storage System (HESS), which consists of two 

complementary storage technologies: batteries (high energy density) and supercapacitors (high power density). 

Batteries provide long-term energy support, while supercapacitors handle rapid transients and sudden load 

variations, ensuring system stability. An Intelligent Energy Management System (EMS) supervises the entire 

operation. It monitors system parameters and optimally distributes power between renewable sources, storage 

units, and loads. Advanced optimization techniques such as Particle Swarm Optimization (PSO) and Artificial 

Intelligence (AI)-based algorithms are integrated into the EMS to enable real-time decision-making and 

efficient energy flow control. The regulated output is supplied to the microgrid loads, which may operate in 

grid-connected or islanded mode. Additionally, voltage and current sensors provide continuous feedback to the 

EMS for precise control. Overall, the architecture enhances power quality, improves reliability, ensures 

efficient energy utilization, and supports sustainable and resilient microgrid operation. 

 

 

 

 

 

 

 

 

https://ijcope.org/


International Journal of Creative and Open Research in Engineering and Management    

           ISSN: 3108-1754 (Online) 

Volume 02 Issue 04 April-2026 | Impact Factor: 3.5 

 

© 2026 The Author(s). Published by IJCOPE Journal. Website: https://ijcope.org/                                                                                                                5 

3. MATLab Simulink: 

 

Fig.2: MATLab Simulink Model 

The model developed in MATLAB and Simulink represents a detailed simulation of a microgrid integrated 

with renewable energy sources and a Hybrid Energy Storage System (HESS). The system begins with solar 

and wind power sources, which generate variable DC power. These inputs are combined and fed into a 

common DC bus through appropriate interfacing blocks. Due to the intermittent nature of these sources, power 

fluctuations occur, which are managed using the HESS. The Hybrid Energy Storage System (HESS) consists 

of a battery and supercapacitors. The battery provides long-term energy support, while the supercapacitor 

handles fast transient power demands. A dedicated HESS controller manages the charging and discharging 

operations of both storage elements based on system requirements.  

An Intelligent Energy Management System (EMS) forms the control core of the model. It receives feedback 

signals such as DC voltage, current, state of charge (SOC), and power demand. These signals are compared 

with reference values to generate an error signal. Advanced optimization techniques, including PSO and AI-

based control, are implemented within the EMS to ensure optimal power sharing, minimize fluctuations, and 

maintain system stability. The regulated power is supplied to the microgrid load, which may represent 

residential, commercial, or industrial demand. Measurement blocks and scopes are included to monitor 

parameters like voltage, current, power, and efficiency. Overall, the model demonstrates improved power 

quality, enhanced load balancing, efficient utilization of renewable energy, and reliable microgrid operation 

through intelligent control and hybrid energy storage integration. 

 

4. Results and Discussion 

Fig. 1 DC Bus Voltage (V) shows the DC bus voltage response over time. The proposed HESS system 

stabilizes the voltage rapidly with minimal overshoot and oscillations. In contrast, the conventional system 

exhibits slower response and larger fluctuations. This demonstrates improved voltage stability due to effective 

compensation of power variations by the hybrid storage system. Fig. 2 Battery & Supercapacitor Power (W) 

illustrates power sharing between the battery and supercapacitor. The battery delivers steady and continuous 

power, while the supercapacitor responds instantly to sudden peaks and transient demands. The sharp spikes in 

supercapacitor power confirm its role in handling rapid fluctuations, thereby reducing stress on the battery. 

Fig. 3 Power Quality Improvement compares renewable energy utilization and load power handling. The 

proposed system maintains higher and more stable power delivery, whereas the conventional system shows 
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significant drops and inefficiencies. This indicates reduced energy curtailment and improved load matching 

with the HESS approach. Fig. 4 Efficiency (%) plot highlights system efficiency over time. The proposed 

HESS-based system quickly reaches a higher efficiency level (around 95–96%) and maintains it consistently. 

The conventional system operates at comparatively lower efficiency. This improvement is due to optimized 

energy management and reduced losses. 

 
Fig. 3: DC Bus Voltage (V) 

 

 
Fig. 4: Battery & Supercapacitor Power (W) 

 

 

 
Fig. 5: Power Quality Improvement 
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Fig. 6: Efficiency (%) 

Conclusion 

This paper presented an optimized approach for renewable energy integration in microgrids using a hybrid 

energy storage system consisting of a battery and a supercapacitor. The proposed system effectively addressed 

the challenges associated with the intermittent nature of renewable energy sources by ensuring stable DC bus 

voltage and efficient power sharing. The energy management strategy successfully coordinated the operation 

of storage components, reducing battery stress and enhancing overall system performance. Simulation results 

demonstrated improved power quality, higher renewable energy utilization, and increased system efficiency. 

Therefore, the proposed HESS-based microgrid architecture provides a reliable and scalable solution for 

modern power systems. 
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